INTRODUCTION
============

Type 2 diabetes mellitus (T2DM) is the most common form of diabetes mellitus. Insulin resistance and the impairment of insulin secretion are the major characteristics of the pathology of T2DM leading to hyperglycemia \[[@B1]\]. Chronic hyperglycemia is associated with diabetes complications (microvascular and macrovascular complications) and even death \[[@B1][@B2]\]. Insulin resistance, the hallmark feature of T2DM, is characterized by a decreased insulin-stimulated glucose uptake due to impaired insulin signaling \[[@B3][@B4]\]. It is well known that insulin resistance is strongly linked to obesity and the development of T2DM \[[@B5]\]. In addition, obesity is also associated with chronic inflammation that is characterized by an increase in pro-inflammatory cytokine levels and an alteration of adipokine production \[[@B6]\].

Skeletal muscle, the major site of the insulin-stimulated glucose uptake, plays an important role in regulating insulin sensitivity throughout the entire body \[[@B4]\]. Moreover, skeletal insulin resistance is the primary defect in T2DM \[[@B4][@B7]\]. In the normal physiological state, insulin stimulates glucose uptake through insulin signaling cascade. Briefly, insulin binds to its receptor leading to the tyrosine phosphorylation of the insulin receptor and insulin receptor substrate-1 (IRS-1) and the serine phosphorylation of Akt or the threonine phosphorylation of atypical protein kinase C-ζ/λ (aPKC-ζ/λ) by phosphoinositide 3-kinase (PI3K) activation. Finally, glucose transporter 4 (GLUT4) is translocated to the plasma membrane to uptake glucose into the cells \[[@B8]\]. In the insulin resistant state, muscle insulin-stimulated glucose uptake and glycogen synthesis were markedly reduced via the impairment of the insulin-signaling cascade \[[@B9]\]. Previous studies have shown that lipid metabolites and inflammation are involved in the development of insulin resistance in the skeletal muscle by interfering with the normal insulin-signaling pathway \[[@B10][@B11]\].

Several studies have demonstrated that dietary fat composition influences insulin sensitivity. Diets comprised of high-saturated fatty acids (SFAs) could induce insulin resistance, while unsaturated fatty acids; monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs), have been shown to improve insulin sensitivity \[[@B12][@B13]\]. The beneficial effects of MUFAs on anti-inflammation, cardio-protective effects as well as the reduction in insulin resistance have been documented \[[@B14][@B15]\]. Both human and animal models of insulin resistance have clearly shown that the partial replacement of SFAs with MUFAs in the diet actually improved glycemic control and this is accompanied by improved insulin sensitivity \[[@B16][@B17][@B18][@B19]\]. Moreover, our preliminary study showed that fish oil that is rich in MUFAs acquired from hybrid catfish (Pangasius larnaudii× Pangasianodon hypophthalmus) freshwater fish, enhanced insulin-stimulated glucose uptake through the improvement of insulin signaling and translocation of GLUT4 in the diaphragm of normal rats \[[@B20]\]. Supported by the previous study of Moon et al., it has been demonstrated that type 2 diabetic Otsuka Long-Evans Tokushima fatty (OLETF) rats fed with dietary-rich MUFAs acquired from olive oil actually reduced hyperglycemia while improving skeletal muscle insulin sensitivity by conserving the insulin signaling IRS-1/PI3K pathway and the translocation of GLUT4 to the plasma membrane, as compared with an SFAs-rich diet \[[@B18]\]. Furthermore, the anti-inflammatory effect was also found in patients with metabolic syndrome; whereas, a high-MUFAs diet suppressed the nuclear factorkappa B (NF-κB) activity and increased the inhibitory molecule from the NF-κB, inhibitor kappa B-α (IkB-α), and the mRNA levels \[[@B21]\]. Notably, the effects of MUFAs were mostly derived from olive oil supplements while the health benefits of the MUFAs acquired from freshwater fish; hybrid catfish (*Pangasius larnaudii*×*Pangasianodon hypophthalmus*), on the type 2 diabetic rat model have not yet been investigated \[[@B18][@B21][@B22]\]. Therefore, the present study aims to examine the anti-diabetic effect of fish oil that is rich in MUFAs acquired from the by-products of freshwater hybrid catfish that had been fed with a high-fat diet with streptozotocin (STZ) induced type 2 diabetic rats. Furthermore, this study also evaluate the possible mechanisms involved with the effects of fish oil that is rich in MUFAs on the insulin signaling pathway in the skeletal glucose transport system of type 2 diabetic rats.

METHODS
=======

Preparation of fish oil-rich in MUFAs acquired from hybrid catfish (*Pangasius larnaudii*×*Pangasianodon hypophthalmus*)
------------------------------------------------------------------------------------------------------------------------

The fish oil that is rich in MUFAs used in this study was provided by the Faculty of Fisheries Technology and Aquatic Resources, Maejo University, Thailand. Briefly, frozen adipose tissue of the hybrid catfish (*Pangasius larnaudii*×*Pangasianodon hypophthalmus*) was steamed at 85℃ for 30 minutes. The resulting product was put in a filter sack and then squeezed by screw compressor. To separate the solid particles, the squeezed liquid obtained was subsequently centrifuged at 9,600 g at 4℃ for 20 minutes. The fish oil acquired from the hybrid catfish was sent to the Central Laboratory (Thailand) Co Ltd., Chiang Mai Branch, for fatty acid composition analysis by an in-house method based on AOAC 996.06 \[[@B23]\]. The fatty acid composition of the fish oil that is rich in MUFAs acquired from hybrid catfish is shown in [Table 1](#T1){ref-type="table"}.

Animals and diet
----------------

Adult male Wistar rats (180\~200 g) were obtained from the National Laboratory Animal Center, Mahidol University, Salaya Thailand, and housed under the controlled temperature of 25±2℃ with a 12-hour light-dark cycle. Type 2 diabetic rats were induced according to the method of Srinivasan et al. \[[@B24]\]. After the acclimatization period, rats were fed with a normal chow diet (11% energy from fat) or a high-fat diet (58% energy from fat) for the initial period of 2 weeks. Then, the high-fat diet fed rats were injected with STZ 40 mg/kg BW (i.p.), while the normal diet fed rats received citrate buffer (pH 4.4) as a vehicle. After 10 days of STZ injection, rats with a fasting plasma glucose level of ≥250 mg/dl without hypo-insulinemia were classified as T2DM and used in this study. After diabetic induction, type 2 diabetic rats were randomly divided into 5 groups (n=8) and orally administered with vehicle (DMC), fish oil that is rich in MUFAs at a dose of 250 mg/kg BW (DM-FO250), 500 mg/kg BW (DM-FO500), 1,000 mg/kg BW (DM-FO1000) and metformin at a dose of 50 mg/kg BW (DM-Met). Normal rats were randomly separated into 2 groups (n=8); normal control rats (NC) and normal rats that received fish oil-rich in MUFAs at a dose of 1,000 mg/kg BW (ND-FO1000). The normal rats were fed with a normal chow diet while the type 2 diabetic rats were fed with a high-fat diet throughout the experiment. All animals were allowed free access to water and food. Food intake and body weight were recorded weekly. After 12 weeks of treatment, overnight fasted rats were sacrificed with an overdose of Nembutal® (Liboume, France). Blood and tissue samples were collected for further biochemical analyses. The protocols and procedures involved with all animals were performed in accordance with the rules and regulations by the Animal Research Committee of Faculty of Medicine, Chiang Mai University, Thailand.

Oral glucose tolerance test
---------------------------

At week 11 of the treatment period, the oral glucose tolerance test (OGTT) was performed for each rat. All animals were fasted overnight and blood samples were collected as a baseline value (min-0); after which, a glucose solution (2 g/kg BW) was administrated by oral gavage feeding. Blood samples were collected via cutting the tail tip at 15, 30, 60 and 120 minutes after glucose loading and plasma glucose concentrations were measured using a commercial kit. The increments of the plasma glucose concentrations following the glucose loading were expressed in terms of the area under the curve (AUC) for glucose, using the trapezoidal rule \[[@B25]\]. The total AUC (TAUC) was defined as all areas below the curve, which is calculated as: $$\frac{1}{2}{\sum\limits_{i = 0}^{n - 1}{\left( {t_{i + 1} - t_{i}} \right)\left( y_{i} + y_{i + 1} \right)}}$$

The basal AUC (BAUC) defined as the area below the baseline value was calcualted as: (120×y~0~). The incremental AUC (IAUC) value was defined as the area beneath the curve above the fasting glucose level and was calculated as: TAUC - BAUC or TAUC - (120×y~0~).

Biochemical analysis of plasma
------------------------------

Plasma glucose, triglyceride and total cholesterol concentrations were determined by the enzymatic colorimetric method using a commercial kit (Biotech, Bangkok, Thailand). The plasma insulin, leptin and adiponectin concentrations were determined using the Sandwich ELISA method (Rat/Mouse Insulin ELISA kit, LINCO Research, USA). The insulin resistance was assessed by the homeostasis model assessment of insulin resistance (HOMA-IR). The HOMA-IR was calculated as follows \[[@B26]\]: $$\text{HOMA-IR} = \frac{\text{fasting\ insulin\ level\ (ng/ml)} \times \text{fasting\ glucose\ level\ (mg/dl)}}{405.1}$$

Determination of triglyceride accumulation in skeletal muscle
-------------------------------------------------------------

The skeletal muscle triglyceride content was measured in gastrocnemius muscle by a method of Frayn and Maycock \[[@B27]\] with slight modifications. Briefly, the gastrocnemius muscle was minced and put into a glass tube containing 3 ml of chloroformisopropanol 2:3 (v/v). The homogenate was pipetted into a glass tube and evaporated to dryness at 40℃ for 16 hours. The dried residue was dissolved and mixed in 10% bovine serum albumin (BSA). The triglyceride concentrations were analyzed using a commercial colorimetric kit (Biotech, Bangkok, Thailand).

Membrane extraction and total cellular lysate of skeletal muscle
----------------------------------------------------------------

The membrane fraction of the skeletal muscle was prepared based on the method of Mohammad et al. \[[@B28]\]. Briefly, the soleus muscle (100 mg) was homogenated in lysis buffer, and then centrifuged for 10 minutes, 2,000 g at 4℃. The supernatant was centrifuged at 9,000 g for 20 minutes at 4℃. After that, the supernatant was again centrifuged at 180,000 g for 90 minutes at 4℃. The final pellet was re-suspended in a phosphate buffer saline solution (PBS), which represented the membrane fraction and was used to determine membrane GLUT4 protein expression.

The soleus muscle was homogenated in ice-cold lysis buffer. After that, the homogenate was centrifuged at 5,000 g for 20 minutes at 4℃. The supernatant was used as the total cellular lysate. Then, the protein concentrations were determined with a Bradford protein assay reagent kit (Bio-Rad Laboratories, USA).

Nuclear extraction of skeletal muscle
-------------------------------------

The nuclear fraction of the skeletal muscle was isolated by differential centrifugation as previously described by Rhoads et al. \[[@B29]\] with slight modifications. The gastrocnemius muscle (150 mg) was homogenated in a lysis buffer. The resultant homogenate was then centrifuged at 800 g for 10 minutes at 4℃. The supernatant was considered to be the cytosolic fraction. Subsequently, the nuclear pellet was re-suspended with 200 µl of lysis buffer and rocked for 1 hour at 4℃. Lysed nuclei were centrifuged for 15 minutes, 16,000 g at 4℃. The supernatant of this step was used as the nuclear fraction and employed to determine the nuclear NF-κB protein expression.

Western blot analysis
---------------------

Aliquots of muscle homogenate were separated by electrophoresis using the sodium dodecyl sulfate-polyacrylamide gel electrophoresis system (SDS-PAGE). In brief, protein samples were electrophoresised on SDS-PAGE gel and subsequently, proteins were blotted to the nitrocellulose membrane and blocked with blocking buffer for 1 hour at room temperature with gentle shaking. Then, the membrane was incubated with commercially available antibodies for Akt (Millipore Corporation, USA), phosphorylation of (p)-Akt^Ser473^ (Millipore Corporation, USA), PKC-ζ (Millipore Corporation, USA), p-PKC-ζ/λ^Thr410/403^ (Cell signaling Technology, MA, USA), AMP-activated protein kinase-α (AMPK-α) (Millipore Corporation, USA), p-AMPK-α^Thr172^ (Millipore Corporation, USA), GLUT4 (Chemicon International, USA), PKC-θ (Santa Cruz Biotechnology, CA, USA),p-PKC-θ^Thr538^ (Santa Cruz Biotechnology, CA, USA), NF-κB (Santa Cruz Biotechnology, CA, USA) and tumor necrosis factor-α (TNF-α) (Cell Signaling Technology, MA, USA) at 4℃ overnight. The membrane was washed and incubated with the secondary antibody conjugated with horseradish peroxidase. The membrane was again washed and immunoreactive proteins were visualized on Kodak Hyperfilm (Godak Rochester, NY) using an enhanced chemiluminescence detection kit (GE Healthcare, Piscataway, NJ). The signal was quantified using Scion Image software and expressed by comparing it with the mean values in the NC group, which was arbitrarily set at 100. The level of the phosphorylated signaling element was expressed relative to the total amount of that protein from the same sample.

Histological study
------------------

A splenic portion of pancreatic tissue was removed immediately after the specimens were sacrificed and the portion was rinsed with ice-cold saline. The tissue samples were fixed in 10% neutral formalin and embedded in paraffin blocks. The thin section (5 µm) were de-waxed, dehydrated in a graded series of ethanol, and rehydrated, then stained with hematoxylin and eosin (H&E) for light microscopic examination.

Statistical analysis
--------------------

The SPSS Advanced Statistics software (version17 SPSS Inc, Chicago, IL, USA) was used for statistical analysis. Data were presented as a mean value±standard error of the mean (SEM). One way analysis of variance (ANOVA) followed by LSD\'s post-hoc analysis was used to determine significant differences between groups. For all statistical analysis, a p value of less than 0.05 was considered to be a significant difference.

RESULTS
=======

Effects of fish oil-rich in MUFAs acquired from hybrid catfish on the characteristics of type 2 diabetic rats
-------------------------------------------------------------------------------------------------------------

The combination of a high-fat diet and STZ injection successfully induced diabetic rats as is shown in [Table 2](#T2){ref-type="table"}. The body weight of normal and type 2 diabetic rats were comparable. Type 2 diabetic rats showed higher fasting plasma glucose levels than those in the normal rats, while the plasma insulin levels were not found to be different between the diabetic rats and the normal rats. Furthermore, the HOMA-IR, which indicated the whole body insulin resistance, markedly increased in the diabetic rats compared with the normal rats. These results indicated that these type 2 diabetic rats used in this study showed general characteristics of T2DM, hyperglycemia and insulin resistance, which were close to the characteristics of T2DM patients.

Supplementation with fish oil that is rich in MUFAs for 12 weeks did not affect the body weight, visceral fat weight and visceral fat weight/body weight ratio in normal rats ([Table 3](#T3){ref-type="table"}). Although the body weight of the DMC and NC groups was not found to be significantly different, but the visceral fat weight and visceral fat weight/body weight ratio were markedly elevated in the DMC group compared with the NC group, which indicates visceral obesity. Interestingly, the body weight, visceral fat weight and visceral fat weight/body weight ratio significantly decreased only in the DM-FO1000 group with respect to the DMC group. In the metformin treatment, the DM-FO250 and DM-FO500 groups failed to reduce the incidence of visceral obesity.

As shown in [Table 3](#T3){ref-type="table"}, there was no difference in triglyceride accumulation in the skeletal muscle between the NC and ND-FO1000 groups. On the other hand, the accumulation of skeletal muscle triglycerides was significantly higher in the DMC group than in the NC group. A significant reduction of skeletal muscle triglyceride contents was found only in the DM-FO1000 and DM-Met groups when compared with the DMC group.

Effects of fish oil-rich in MUFAs acquired from hybrid catfish on plasma metabolic parameters
---------------------------------------------------------------------------------------------

To explore the anti-diabetic effect of fish oil that is rich in MUFAs, the plasma biochemical parameters were measured. As shown in [Table 4](#T4){ref-type="table"}, the fish oil supplement did not alter the fasting plasma glucose levels among normal rats. Type 2 diabetic rats showed a higher fasting plasma glucose level (+148%) when compared with normal rats. Supplementation with fish oil that is rich in MUFAs at a dose of 500 and 1,000 mg/kg BW successfully reduced the fasting plasma glucose levels in type 2 diabetic rats (--23.38% and --27.32%, respectively). However, diabetic rats treated with metformin have showed the lowest fasting plasma glucose level (--32.67%) among the treated diabetic rats. To investigate whether the glucose-lowering effect of fish oil that is rich in MUFAs is involved in pancreatic insulin secretion, the fasting plasma insulin levels were measured. At the end of the experiment, supplementation with fish oil-rich in MUFAs at a dose of 250 or 500 mg/kg BW did not affect the fasting plasma insulin level in type 2 diabetic rats. Meanwhile, the plasma insulin levels in the DM-FO1000 and DM-Met groups were markedly decreased when compared with the DMC group. Therefore, the decreased fasting plasma glucose levels in type 2 diabetic rats treated with fish oil-rich in MUFAs might be due to the improvement of insulin sensitivity as occurs with metformin treatment. In accordance with these results, the DM-FO500 and DM-FO1000 groups significantly reduced the HOMA-IR when compared with the DMC group. In addition, HOMA-IR significantly decreased in the DM-Met group with respect to the DMC group. These findings indicate that the supplementation of fish oil that is rich in MUFAs reduced the whole body insulin resistance in T2DM rats similar to type 2 diabetic rats treated with metformin.

In the present study, we also examined the hypolipidemic effect of fish oil that is rich in MUFAs on type 2 diabetic rats and those results are shown in [Table 4](#T4){ref-type="table"}. In normal rats, supplementation with fish oil that is rich in MUFAs did not alter the plasma triglyceride and total cholesterol levels. The plasma lipids, triglyceride and total cholesterol levels were significantly higher in the DMC group than those in the NC group. Remarkably, the administration of fish oil that is rich in MUFAs in all dosages markedly reduced the plasma triglyceride levels in type 2 diabetic rats. The plasma triglyceride concentration also significantly decreased in the DM-Met group. A reduction of the plasma total cholesterol levels was observed only in the DM-FO1000 and DM-Met groups.

To evaluate the relationship of the adipocyte-derived hormone and insulin sensitivity in this experimental model, plasma adiponectin and leptin levels were determined. As shown in [Table 4](#T4){ref-type="table"}, the plasma adiponectin levels were significantly lower in the DMC group than in the NC group. Interestingly, supplementation with fish oil that is rich in MUFAs in all dosages significantly increased the plasma adiponectin levels when compared with the DMC group. However, treatment with metformin did not augment the plasma adiponectin level in type 2 diabetic rats. Compared with the NC group, the plasma leptin level significantly increased in the DMC group. The plasma leptin levels were significantly lower in the DM-FO1000 and DM-Met groups than in the DMC group.

Effects of fish oil-rich in MUFAs acquired from hybrid catfish on glucose tolerance
-----------------------------------------------------------------------------------

To determine whether fish oil that is rich in MUFAs could affect the whole body insulin sensitivity in type 2 diabetic rats, the OGTT was performed. As shown in [Fig. 1A](#F1){ref-type="fig"}, there were no significant differences in the plasma glucose levels at all time points in the NC and ND-FO1000 groups. In addition, the TAUC, BAUC and IAUC in the NC and ND-FO1000 groups were comparable ([Fig. 1B](#F1){ref-type="fig"}). The plasma glucose levels before and after glucose loading revealed significantly higher values in the DMC group at all time points with respect to the NC group. Compared with the NC group, the TAUC, BAUC and IAUC were markedly increased in the DMC group. Notably, the plasma glucose levels were significantly lower in the DM-FO1000 and DM-Met groups at 30, 60 and 120 minutes after glucose loading when compared with the DMC group. There were significant reductions in the TAUC, BAUC and IAUC values in the DM-FO1000 and DM-Met groups when compared with the DMC group. It is suggested that supplementation with fish oil that is rich in MUFAs at a dose of 1,000 mg/kg BW effectively improved glucose tolerance in T2DM rats, which was similar to the findings of the treatment with metformin.

Effects of fish oil-rich in MUFAs acquired from hybrid catfish on insulin signaling and glucose transport system in the skeletal muscle
---------------------------------------------------------------------------------------------------------------------------------------

As it has been shown that supplementation with fish oil that is rich in MUFAs has an anti-hyperglycemic effect, we next examined whether fish oil-rich in MUFAs can improve insulin signaling in the skeletal muscle of type 2 diabetic rats. Because the activation of Akt and PKC-ζ/λ plays an important role in the insulin signaling for GLUT4 translocation, we examined the phosphorylation of the two downstream insulin signaling proteins. In normal rats, supplementation with fish oil that is rich in MUFAs did not alter the phosphorylation of Akt^Ser473^ with respect to the NC group ([Fig. 2A](#F2){ref-type="fig"}). The phosphorylation of Akt^Ser473^ was significantly lowered in the DMC when compared to the NC groups. Interestingly, supplementation of fish oilrich in MUFAs at all dosages as well as metformin treatment significantly increased Akt phosphorylation (Ser473) when compared with the untreated diabetic rats, while the Akt protein expression in all experimental groups was not found to be significantly different. Similarly to Akt, there were no significant differences in the phosphorylation of PKC-ζ/λ^Thr410/403^ between the NC and ND-FO1000 groups ([Fig. 2B](#F2){ref-type="fig"}). Compared with the NC group, the p-PKC-ζ/λ^Thr410/403^ was significantly decreased in the DMC group. The DM-FO500, DM-FO1000 and DM-Met groups revealed significantly higher phosphorylation of PKC-ζ/λ^Thr410/403^ than the DMC group, whereas the PKC-ζ protein expression levels in all experimental groups were similar.

In addition to the insulin signaling proteins, the phosphorylation of AMPK is known to stimulate GLUT4 translocation to the plasma membrane via the insulin-independent pathway in the skeletal muscle \[[@B30][@B31]\]. Therefore, we further investigated whether fish oil that is rich in MUFAs can induce the phosphorylation of AMPK^Thr172^. As shown in [Fig. 3](#F3){ref-type="fig"}, the p-AMPK^Thr172^ in the NC group was comparable to the value in the ND-FO1000 group. The significant decrease in the p-AMPK^Thr172^ was observed in the DMC group with respect to the NC group. Compared with the DMC group, the p-AMPK^Thr172^ in all groups of the fish oil supplemented specimens with diabetes and the DM-Met group was significantly elevated. On the other hand, the protein expressions of AMPK were not found to be significantly different in all experimental groups.

It is well known that insulin stimulates glucose uptake through GLUT4 translocation from cytosol to the plasma membrane. Thus, the rate of glucose uptake depends on the amount of the membrane GLUT4 present. [Fig. 4](#F4){ref-type="fig"} demonstrates the membrane fraction of GLUT4 protein and total GLUT4 protein expressions. The expression values of GLUT4 protein in the membrane fraction of the NC and ND-FO1000 groups were found to be similar ([Fig. 4](#F4){ref-type="fig"}). As expected, the expression of GLUT4 protein in the membrane fraction of the DMC group significantly decreased when compared with the NC group. The expressions of GLUT4 protein in the membrane fraction were markedly elevated in the DM-FO500, DM-FO1000 and DM-Met groups with respect to the DMC group, while there were no significant differences in the total GLUT4 protein expressions among all experimental groups.

Effects of fish oil-rich in MUFAs acquired from hybrid catfish on the inflammation in the skeletal muscle
---------------------------------------------------------------------------------------------------------

In recent years, it has been recognized that obesity is a chronic type of inflammation involved in the link between obesity-induced inflammation and insulin resistance via the TNF-α and NF-κB/PKC-θ pathway in the skeletal muscle \[[@B32][@B33]\]. As shown in [Fig. 5A](#F5){ref-type="fig"}, we found that the pro-inflammatory cytokine, TNF-α, protein expression significantly elevated in the DMC group with respect to the NC group, while supplementation with fish oil-rich in MUFAs in normal rats did not affect the TNF-α protein expression values. Compared with the DMC group, the protein expression values of TNF-α were suppressed in the DM-FO250, DM-FO500, DM-FO1000 and DM-Met groups. Furthermore, the protein expression of nuclear NF-κB, which is another inflammatory marker, was also increased in the DMC group compared with the NC group ([Fig. 5B](#F5){ref-type="fig"}). The nuclear NF-κB protein expression was significantly reduced in the DM-FO250, DM-FO500, DM-FO1000 and DM-Met groups compared to the DMC group, suggesting that fish oil that is rich in MUFAs supplementation and metformin treatment attenuated the NF-κB translocation in diabetic rats. Although the protein expressions of PKC-θ in all experimental groups were similar, the activation of PKC-θ^Thr538^ was significantly higher in the DMC group than in the NC group ([Fig. 5C](#F5){ref-type="fig"}). As expected, the activation of PKC-θ^Thr538^ was markedly decreased in the DM-FO250, DM-FO500, DM-FO1000 and DM-Met groups compared with the DMC group.

Effects of fish oil-rich in MUFAs acquired from hybrid catfish on morphological changes of the pancreas
-------------------------------------------------------------------------------------------------------

No pancreatic histological changes were observed in the ND-FO1000 group, when compared with normal pancreatic tissue ([Fig. 6](#F6){ref-type="fig"}). Many round-to-elongated islets were found evenly distributed throughout the cytoplasm that were encapsulated in the fibrous membrane and well demarcated. Within the islets, β-cells were evenly distributed and appeared to be normal and healthy in both the NC and ND-FO1000 groups. However, in the DMC group, the pancreatic tissue showed some alterations in the islet morphology. Some islets were smaller than those in the NC group with irregular boundaries, as well as being disorganized and having developed degranulation and vacuolar degeneration. As expected, the histological examination of islets from the DM-FO1000 and DM-Met groups appeared to be much better than that in the DMC group and looked close to normal. The β-cells were more numerous and evenly distributed. This suggests that treatment with metformin or fish oil that is rich in MUFAs at a dose of 1,000 mg/kg BW effectively protected the progressive β-cell damage that is often associated with diabetes.

DISCUSSION
==========

The major challenge in this study is to consider whether fish oil that is rich in MUFAs acquired from freshwater hybrid catfish (*Pangasius larnaudii*×*Pangasianodon hypophthalmus*) could ameliorate the hyperglycemia among STZ induced type 2 diabetic rats fed with a high-fat diet. The outcomes of the study provided evidence to demonstrate the anti-hyperglycemic and lipid-lowering effects of fish oil-rich in MUFAs in type 2 diabetic rat model. Nevertheless, the beneficial effects of fish oil that is rich in MUFAs on the glycemic control were not due to the insulinotropic action. Our results clearly revealed that supplementation with fish oil-rich in MUFAs attenuated insulin resistance and improved adipokine imbalance in type 2 diabetic rats. Its antidiabetic effect is partially involved in the improvement of insulin signaling, AMPK activation, GLUT4 translocation and the suppression of pro-inflammatory cytokine protein expressions in the skeletal muscle of T2DM rats.

It has been well established that a high-fat diet combined with low-dose STZ injection has been widely used in experimental animals to induce a T2DM rat model \[[@B24]\]. Type 2 diabetic rats in the present study showed the general characteristics of T2DM including visceral obesity, insulin resistance and hyperglycemia, which are close to type 2 diabetic patients. First, we examined the effects of fish oil-rich in MUFAs on anti-diabetic action. The supplementation of diabetic rats with 500 and 1,000 mg/kg BW of fish oil-rich in MUFAs significantly reduced the fasting plasma glucose levels and also improved insulin sensitivity and glucose tolerance demonstrating its anti-hyperglycemic effect. Only supplementation of fish oil-rich in MUFAs at a dose of 1,000 mg/kg BW significantly reduced the fasting plasma insulin levels, but not at a dose of 500 mg/kg BW. Consistent with several studies, the advantageous effects of MUFAs have been observed on ameliorating hyperglycemia and restoring insulin sensitivity in type 2 diabetic KK-A^y^ mice and obese individuals \[[@B14][@B19]\]. Since either insulin deficiency or insulin resistance results appear to elevate the fasting and postprandial plasma glucose levels, the anti-hyperglycemic effect of MUFAs can be explained by several mechanisms such as enhanced insulin sensitivity and glucose uptake, inhibited hepatic gluconeogenesis or relevant insulinotropic actions. However, fish oil-rich in the MUFAs supplement produced a reduction in hyperglycemia incidence without enhancing plasma insulin levels in the same way as metformin, an insulin-sensitizing agent. These results indicate that the anti-hyperglycemic effect of fish oil-rich in MUFAs might be due to the improvement of insulin sensitivity and this notion was supported by the HOMA-IR index and the OGTT. Additionally, the histological examination of the pancreas of diabetic fish oil-rich in MUFAs (1,000 mg/kg BW) treated rats revealed that the severity of the degenerative changes in the islets of Langerhans was less than those in the untreated-diabetic rats. It was likely that the hyperglycemia in diabetes was attenuated due to the treatment of fish oil-rich in MUFAs and further, a lesser degree of hyperglycemia ameliorated the progress of β-cell damage.

Next, we investigated the altering of the plasma adipokine levels in diabetic rats that had been fed a diet supplemented with fish oil-rich in MUFAs. Due to the fact that not only the impairment of insulin sensitivity associated with the pathophysiology of insulin resistance and T2DM, but the adipokine imbalance was also found to be associated \[[@B34][@B35]\]. Adiponectin and leptin are the adipocyte-derived hormones that play an important role in modulating glucose and lipid metabolisms \[[@B36]\]. Adiponectin acts as an insulin-sensitizer via the activation of AMPK, which serves to enhance fatty acid oxidation, reduce tissue triglyceride accumulation and finally to improve insulin signaling \[[@B37][@B38]\]. Leptin regulates food intake, energy expenditure, and the regulation of glucose homeostasis by stimulating the PI3K signaling \[[@B39][@B40]\]. Numerous studies have demonstrated that plasma adiponectin concentration was lower in terms of insulin resistance or T2DM than in the healthy control subjects \[[@B34][@B41]\], while the plasma leptin concentration had been increased as is known to be a condition called leptin resistance \[[@B35][@B42]\]. Recent studies have demonstrated that increased adiponectin and decreased leptin concentrations were related with the improvement of insulin sensitivity and a reduction in the plasma glucose and lipid concentrations in insulin resistant or type 2 diabetic rats fed with MUFAs derived from dietary saury oil \[[@B19]\]. Notably, the results from this study exhibited that supplementation with fish oil-rich in MUFAs effectively reversed plasma adiponectin and leptin levels compared with the DMC group. Therefore, the improvement of insulin sensitivity, anti-hyperglycemic as well as the hypolipidemic actions of fish oil-rich in MUFAs has been found to be mediated, at least in part by increased plasma adiponectin and decreased leptin concentrations.

To explore the molecular mechanisms underlying the beneficial effects of fish oil-rich in MUFAs on insulin sensitivity, we have further quantified the insulin signaling and glucose transport system in the skeletal muscle. This is because skeletal muscle plays a crucial role in regulating whole body insulin sensitivity and is the major site of insulin-stimulated glucose disposal \[[@B4]\]. Several studies have reported that the rate of insulin-stimulated glucose uptake depends on the expression of the membrane GLUT4 protein \[[@B43][@B44]\]. In this present study, we have found that the restoration of membrane GLUT4 protein content in the skeletal muscle of type 2 diabetic rats that had been administered with fish oil-rich in MUFAs (500 and 1,000 mg/kg BW) was close to the results of studies involving diabetic rats treated with metformin. In accordance with previous studies, it has been demonstrated that type 2 diabetic rats fed with a MUFAs enriched high-fat diet revealed an increase in the membrane GLUT4 protein expression through conserving IRS-1/PI3K insulin signaling in the skeletal muscle \[[@B18]\]. Moreover, prolonged exposure of the L6 skeletal muscle cells to palmitoleic acid enhanced glucose uptake via increasing the membrane GLUT1 and GLUT4 protein expressions \[[@B45]\]. It is known that the activation of Akt or PKC-ζ/λ is required for the translocation of GLUT4 to the plasma membrane \[[@B44][@B46]\]. Consequently, the effects of supplementation with fish oil-rich in MUFAs on those downstream insulin-signaling pathways were examined. As expected, the results showed the restoration of insulin signaling, in terms of both Akt^Ser473^ and PKC-ζ/λ^Thr410/403^ phosphorylation in the skeletal muscle of type 2 diabetic rats that had been fed a diet supplemented with fish oil-rich in MUFAs either at a dose of 500 and 1,000 mg/kg BW when compared with the untreated diabetic rats. Our results are consistent with several *in vitro* studies that involved incubating L6 myotubes with oleic acid or palmitoleic acid enhanced insulin-stimulated Akt^Ser473^ phosphorylation \[[@B45][@B47]\]. In addition, Coll et al. demonstrated that C2C12 myotubes co-incubated with palmitic acid and oleic acid reversed the deleterious effects of palmitic acid by restoring Akt^Ser473^ phosphorylation \[[@B48]\]. Altogether, our results suggest that fish oilrich in MUFAs supplementation either at a dose 500 or 1,000 mg/kg BW successfully maintained membrane GLUT4 translocation and is associated with the restoration of downstream insulin signaling of p-Akt^Ser473^ and p-PKC-ζ/λ^Thr410/403^, in the skeletal muscle of type 2 diabetic rats. These changes could contribute to the amelioration of the hyperglycemic effect of fish oil that is rich in MUFAs.

We also investigated the effects of the administration of fish oil-rich in MUFAs on the activation of AMPK, another pathway involved in stimulating GLUT4 translocation \[[@B30][@B31][@B49]\]. Recent studies have shown that AMPK activation is recognized as a potential therapeutic target in the prevention and treatment of T2DM \[[@B50][@B51]\]. Metformin is one of the most commonly used anti-diabetic drugs and exerts its action mainly by activating AMPK \[[@B51]\]. Likewise, this present study identified an increase of AMPK-α^Thr172^ phosphorylation in the skeletal muscle of type 2 diabetic rats after administration of fish oil-rich in MUFAs at doses of 250, 500 and 1,000 mg/kg BW when compared to untreated diabetic rats as well as rats that had been exposed to metformin treatment. These findings were consistent with the previous study that had reported that the reduction of the AMPK^Thr172^ phosphorylation of C2C12 myotubes resulting from palmitic acid incubation was prevented by incubation with oleic acid \[[@B48]\]. However, another study also recorded the enhancement of AMPK^Thr172^ phosphorylation in palmitoleic acid treated 3T3-L1 adipocytes together with an increase in GLUT4 mRNA and protein contents, while the phosphorylation of Akt^Ser473^ and Akt^Thr308^ did not change \[[@B52]\]. The controversial findings in the study of the phosphorylation of Akt^Ser473^ might actually be attributed to the type of fatty acids, type of cells, skeletal muscle cells and the adipocytes. Besides, it has been well established that adiponectin augments insulin sensitivity, stimulates glucose utilization and increases fatty acid oxidation in skeletal muscle via the activation of AMPK \[[@B37]\]. Consequently, an enhancement of AMPK^Thr172^ phosphorylation in this study may contribute to our findings through the supplementation of fish oil that is rich in MUFAs. The AMPK activation present in the skeletal muscle might be an efficient mechanism that could likely explain the anti-diabetic effect of fish oil that is rich in MUFAs.

Although the mechanisms of insulin resistance are not fully understood, lipid- and inflammation-induced insulin resistance is one of the potential candidate mechanisms for insulin resistance \[[@B48][@B53]\]. Several studies have shown that lipid accumulation such as diacylglycerol (DAG) activates PKC-θ which leads to the impairment of normal insulin signaling by the phosphorylation of IRS-1 at the serine residue \[[@B32][@B54]\]. The phosphorylation of IRS-1 at the serine residue fails to activate the PI3K/Akt pathway, resulting in a reduced level of insulin action and finally, insulin resistance \[[@B55]\]. In this study, we recorded the reduction of muscle lipid accumulation (triglyceride accumulation) and the suppression of PKC-θ^Thr538^ phosphorylation (p-PKC-θ^Thr538^) in type 2 diabetic rats administrated with fish oil that is rich in MUFAs or with the treatment of metformin. Thus, the reduced level of muscle lipid accumulation acknowledged in the present study might be involved with the suppression of PKC-θ activation along with an improvement in insulin sensitivity.

Low-grade inflammation has been associated with diabetes mellitus; however, pro-inflammatory cytokines such as TNF-α promoted insulin resistance though NF-κB inflammatory signaling could interfere with normal insulin signaling by IRS-1 serine phosphorylation \[[@B11][@B56]\]. This is the first study to report on the beneficial effects of supplementation of fish oil that is rich in MUFAs acquired from freshwater hybrid catfish on ameliorating inflammation by down-regulated pro-inflammatory TNF-α and nuclear NF-κB protein expressions in the skeletal muscle of type 2 diabetic rats. Recent studies have reported that the activity of NF-κB was markedly decreased in subjects with metabolic syndrome after long-term consumption of a MUFAs-rich diet \[[@B21]\]. Moreover, in the *in vitro* study, the co-incubation of skeletal muscle cells treated with palmitic acid and oleic acid decreased the NF-κB binding activity and suppressed the expression of TNF-α and interleukin-6 (IL-6) mRNA \[[@B48]\]. The previous study had reported on the anti-inflammatory action of AMPK activation in the skeletal muscle \[[@B57]\]. Green et al. (2011) demonstrated that AMPK activation ameliorated inflammation through suppressing NF-κB signaling and activity, which were both accompanied by a reduced secretion of TNF-α from obese type 2 diabetic myocytes. Therefore, the increased AMPK activation in all groups of diabetic rats supplemented with fish oil-rich in MUFAs might be involved with the suppression of proinflammatory TNF-α and nuclear NF-κB protein expressions as well as that of PKC-θ^Thr538^ phosphorylation.

Our study experienced a few limitations. The fish oil acquired from freshwater hybrid catfish, which was used in this study, was a mixture of heterogeneous fatty acids. Nonetheless, the results from the analysis of the fatty acid compositions demonstrated that oleic acid contains a large quantity of MUFAs ([Table 1](#T1){ref-type="table"}). Hence, oleic acid might be promising in its ability to exert those beneficial effects of fish oil that is rich in MUFAs. Previous studies have consistently showed that oleic acid attenuates insulin resistance in skeletal muscle cells \[[@B45][@B48]\].

In conclusion, our results revealed the anti-diabetic action of fish oil-rich in MUFAs acquired from hybrid catfish (*Pangasius larnaudii*×*Pangasianodon hypophthalmus*) in type 2 diabetic rats that were induced by a high-fat diet with STZ injection. The advantageous effects of fish oil that is rich in MUFAs on glycemic control are involved in at least the attenuation of plasma adipokine disturbance and the improvement of insulin sensitivity through the conservation of normal insulin signaling, and the suppression of pro-inflammatory signaling along with the enhancement of AMPK activation in the skeletal muscle. Therefore, such benefits have strengthened the significant potential for fish oil-rich in MUFAs to be developed as a dietary supplement for diabetes treatment in the future.
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###### Fatty acid composition of fish oil-rich in MUFAs acquired from hybrid catfish
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Values are the mean±SEM of three independently processed samples.

###### General characteristics of type 2 diabetic rats at the beginning of experiment (baseline)
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Values are means±SEM. HOMA-IR index, homeostasis model assessment of insulin resistance. ^\*^p\<0.05, ^\*\*\*^p\<0.001 vs. normal rats.

###### Effects of fish oil-rich in MUFAs acquired from hybrid catfish on body weight, visceral fat, visceral fat/ body weight (VF/BW) ratio and muscle triglyceride content in rats at the end of experiment
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Values are means±SEM for 8 animals per group. BW, body weight; VF, visceral fat; NC, normal control rats; ND-FO1000, normal control rats supplemented with fish oil-rich in MUFAs at a dose of 1,000 mg/kg BW; DMC, diabetic control rats; DM-FO250, diabetic rats supplemented with fish oil-rich in MUFAs at a dose of 250 mg/kg BW; DM-FO500, diabetic rats supplemented with fish oil-rich in MUFAs at a dose of 500 mg/kg BW; DM-FO1000, diabetic rats supplemented with fish oil-rich in MUFAs at a dose of 1000 mg/kg BW; DM-Met, diabetic rats treated with metformin at a dose of 50 mg/kg BW. ^\*^p\<0.05, ^\*\*^p\<0.01 vs. NC group; ^\#^p\<0.05 vs. DMC group.

###### Effects of fish oil-rich in MUFAs acquired from hybrid catfish on plasma metabolic parameters at the end of experiment

![](kjpp-20-581-i004)

Values are means±SEM for 8 animals per group. HOMA-IR index, homeostasis model assessment of insulin resistance. NC, normal control rats; ND-FO1000, normal control rats supplemented with fish oil-rich in MUFAs at a dose of 1,000 mg/kg BW; DMC, diabetic control rats; DM-FO250, diabetic rats supplemented with fish oil-rich in MUFAs at a dose of 250 mg/kg BW; DM-FO500, diabetic rats supplemented with fish oil-rich in MUFAs at a dose of 500 mg/kg BW; DM-FO1000, diabetic rats supplemented with fish oil-rich in MUFAs at a dose of 1,000 mg/kg BW; DM-Met, diabetic rats treated with metformin at a dose of 50 mg/kg BW. ^\*^p\<0.05, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001 vs. NC group; ^\#^p\<0.05, ^\#\#^p\<0.01, ^\#\#\#^p\<0.001 vs. DMC group.
